Infrequently transcribed long genes depend on the Set2/Rpd3S pathway for accurate transcription
Histones are subject to a wide variety of post-translational modifications (PTMs). The pattern of PTMs is an important indicator of the architecture and potential function of certain chromatin domains (Turner 2002) . PTMs such as acetylation and ubiquitination may dramatically alter the biophysical properties of histones, thus exerting a direct influence on chromatin structure (Jason et al. 2002; Shogren-Knaak et al. 2006) . Other PTMs such as methylation, perhaps due to their small size or lack of altering charge, likely function as a signal in certain pathways (Jenuwein and Allis 2001) . In some cases, PTMs work through both of these mechanisms.
Histone modifications have been generally categorized based on their physical presence, with active marks referring to those at highly transcribed regions and repressive marks denoting those at silenced loci. This correlative definition, however, has very little implication for the direct function of these histone marks in biological processes. For instance, histone H3K9 methylation had long been thought to be a silencing mark due to its ability to recruit heterochromatin protein 1 (HP1) (Bannister et al. 2001; Lachner et al. 2001) . Nevertheless, HP1/H3K9me interaction may also play a positive role in transcription regulation because H3K9me has been located at actively transcribed genes (for review, see Hediger and Gasser 2006) . Therefore, defining the purpose of particular histone codes based merely on their physical presence is highly risky without rigorous functional investigation.
Two of the best characterized histone transcriptional marks are methylation of histone H3 at Lys 4 (K4me) and at Lys 36 (K36me). Both marks are enriched at coding regions of actively transcribed genes in all species examined and involve mono-, di-, and trimethylated states (Shilatifard 2006) . A genome-wide study demonstrated that the occupancy of K4me3 and K36me3 correlates with transcription frequency of underlying genes (Pokholok et al. 2005) . In addition, the histone methyltransferases Set1 and Set2 are responsible for all three states of K4me and K36me in yeast. Both Set1 (COMPASS) and Set2 have been shown to directly associate with the elongating forms of RNA Polymerase II (Pol II) (for review, see Hampsey and Reinberg 2003) . These observations led to the view that K4me and K36me function in transcriptional activation. Deletion of SET1 or SET2 and mutations at histone K4 or K36 do not significantly affect transcription of the majority of yeast genome; however, both methylation states are dependent on active transcription (Li et al. 2007a ). These observations imply that methylation is not required to facilitate the initial round of transcription. A recent finding that K4 methylation does not influence transcription elongation per se in a well-defined biochemical system (Pavri et al. 2006 ) supports this notion and suggests that methylation is not required for Pol II to transcribe through the nucleosomal barrier.
The identification of various protein domains that recognize K4me and K36me provided a clue to the importance of these methylation marks in vivo. The chromodomain within the SAGA histone acetyltransferase (Pray-Grant et al. 2005 ) and the hCHD1 chromatin remodeling factor (Sims et al. 2005) , the PHD domain of NURF (for review, see Zhang 2006) , and yeast NuA3 (Taverna et al. 2006) can specifically bind to the methylated H3K4 residue and potentially target these factors to regions that are rich in H3K4 methylation for transcription activation. The details of this targeting mechanism are poorly defined. A vital role for histone methylation marks in targeting chromatin-modifying complexes in vivo was recently discovered. Methylated K36 is recognized by the chromodomain of Eaf3 in the Rpd3S histone deacetylase complex, which leads to recruitment of Rpd3S to the coding regions of transcribed genes. Histone deacetylation by locally recruited Rpd3S is an important event that is key to the suppression of spurious internal transcription initiation (Carrozza et al. 2005; Joshi and Struhl 2005; Keogh et al. 2005) . Although this mechanism has been demonstrated at a few individual genes, several key questions about the role of Set2 signaling and its mechanism of action remain unanswered. Does K36me regulate ORF acetylation genome wide? Does K36me control cryptic transcription events across the genome? Which classes of genes are dependent on Set2 to control ORF acetylation? Which classes of genes rely on Set2 to prevent internal initiation? Is there any overlap between these two groups?
Here we provide genome-wide evidence that Set2-mediated K36me is required for the control of global acetylation at coding regions. Surprisingly, using acetylation changes in ⌬ set2 as a functional readout, we discovered that genes that are longer and transcribed less often display a stronger dependence on the Set2-Rpd3S pathway to suppress acetylation of their coding regions. This trend is consistent with our high-resolution transcription profiling experiment, illustrating that the occurrence of cryptic transcripts correlates more closely with genes on which histone acetylation levels increase in Set2 mutants than with genes with high H3K36m3 levels in wild-type cells. Keogh et al. 2005) . To examine this phenomenon on a genome-wide level, we performed hromatin immunoprecipitation coupled with microarray analysis (ChIP-chip) experiments using an antibody against acetylated histone H4 (AcH4). Immunoprecipitated DNA from both wild-type and ⌬set2 strains were labeled with fluorescent dye and competitively hybridized with the respective input DNA on high-density tiling microarrays. Consistent with previous results (Pokholok et al. 2005) , we found that enrichment for AcH4 in wild-type cells peaked at promoter regions (data not shown). When the level of AcH4 in ⌬set2 and wild-type strains was directly compared, we found that coding regions also frequently had increased levels of acetylation (data not shown) in ⌬set2. A statistical assessment of changes in the acetylation pattern was performed using a modified average gene analysis that was originally developed by the Young laboratory (see Materials and Methods). The average distribution profile of AcH4 changes between ⌬set2 and wild-type strains revealed a peak at the 3Ј portion of gene coding regions (Li et al. 2007b) , resembling that of K36 trimethylation in wild-type cells (Pokholok et al. 2005) . Thus, reduction of K36 trimethylation marks led to a corresponding increase in H4 acetylation marks. When we normalized the AcH4 level according to nucleosome density (histone H4) before comparing the values obtained from wild-type and ⌬set2 strains, we obtained almost identical results (data not shown). This observation is consistent with the previous finding that deletion of SET2 does not alter histone density genome wide (Rao et al. 2005) .
Results

The
To further analyze the trend of acetylation changes following deletion of SET2, we performed a class-average analysis in which only genes within certain categories were averaged and the resulting average distribution of all classes were plotted on the same graph (Fig. 1A) . Initially, we grouped the genes based on their ORF length. As shown in Figure 1A , deletion of SET2 led to a more dramatic increase in acetylation at genes with longer ORFs, suggesting that Set2 dependence was proportional to gene length. This trend was reminiscent of the positive correlation observed between ORF length and the presence of K36me2 (Rao et al. 2005) and K36me3 (Fig. 1B) . We next subjected the matrix generated from the average gene analysis to a K-mean cluster analysis, which categorized genes according to similarity in distribution profiles. We found that two clusters (Fig. 1C , bottom two panels), which constituted ∼25% of the total genome, displayed a significant increase of AcH4 following deletion of SET2. Interestingly, when we compared ORF length of this group of genes to that of the entire genome in a histogram analysis (Fig. 1D) , we found that increase of AcH4 upon deletion of SET2 tends to occur at longer genes. This result agreed with those of the class-average analysis discussed above (Fig. 1A) .
The enrichment of K36me3 at coding regions has been shown to be proportional to the transcription frequency of underlying genes (Pokholok et al. 2005) . K36me2, however, only correlates with the ON/OFF state of tran-scription, and not transcription frequency (Rao et al. 2005) . To test the relationship of the acetylation changes following deletion of SET2 with frequency of gene transcription, we used the class-average analysis described earlier, except that genes were categorized based on their transcription frequency in wild-type cells. Surprisingly, we found that genes transcribed less often (particularly for those that were less than five copies per hour) showed strong dependence on Set2 to control ORF acetylation (Fig. 2) . Therefore, we concluded that although K36me3 is enriched at highly active genes, its functional role may be more important at genes with a low transcription frequency.
Rpd3S is required for controlling genome-wide acetylation at ORFs
Having established the role of Set2 in regulating global acetylation at ORFs, we asked if defects in the Rpd3S complex resulted in a similar genome-wide phenotype. In a parallel study, we learned that the two critical domains of Rpd3S-the chromodomain of Eaf3 (CHD Eaf3 ) and the PHD domain of Rco1 (PHD Rco1 )-were essential for full Rpd3S function (Li et al. 2007b ). Therefore, we took advantage of two mutants, eaf3⌬chd (deletion of CHD Eaf3 ) and rco1⌬phd (deletion of PHD rco1 ), and performed ChIP-chip experiments as described above. We Longer genes depend on the Set2-Rpd3S pathway to maintain the acetylation status at ORFs. ChIP-chip was performed using high-resolution tiling arrays manufactured by Agilent Technologies. The log2 ratio of acetylation of H4 (AcH4) in ⌬set2 over AcH4 in wild type were subjected to a modified average gene analysis originated by the Young laboratory (see Materials and Methods for details). All genes were divided into eight subclasses based on the length of their coding regions. The averages of each subclass were plotted. The number of genes in each class is indicated within the parentheses behind the gene categories in the white box. (B) K36 trimethylation is preferentially enriched at longer ORFs. The similar class-average analysis was used to show the distribution pattern of K36me3 on average genes based on Pokholok et al. (2005) . (C) Identification of genes that require Set2 to suppress hyperacetylation at ORFs. The matrix generated from the average gene analysis that covers the ORF region was subjected to the K-mean cluster analysis using TM4 microarray suite software (Saeed et al. 2006 ). The bottom two clusters (∼25% of genome) displayed significant AcH4 increase upon deletion of SET2. (D) The ORF length of the genes that are within the bottom two clusters from the above analysis (in C) is directly compared with that of the entire genome in a histogram analysis (Microsoft Excel). discovered that both mutations result in acetylation changes strikingly similar to those noted for deletion of SET2 (Fig. 3) . This result supports the notion that Set2 and Rpd3S function primarily in the same pathway, and that this pathway, as a whole, exerts a stronger effect on longer and less frequently transcribed genes.
Genome-wide identification of genes that rely on the Set2-Rpd3S pathway to suppress cryptic internal initiation
We wanted to determine if the mechanism of internal initiation suppression by the Set2-Rpd3S pathway was a global phenomenon, so we conducted a genome-wide survey that directly compared RNA from wild-type and ⌬set2 strains on a high-resolution tiling array with multiple probes for each ORF region. We defined target genes to be genes that had similar transcript levels at the 5Ј end of the ORF (ratio of ⌬set2 over wild type = 1), but higher levels of mRNA at the 3Ј ORF in ⌬set2, since the presence of cryptic transcripts would increase the amount of RNA from one end of the gene. Genes that showed increased or decreased transcripts across the entire ORF region were not considered.
RNA for microarray analysis is commonly labeled using RT-based PCR amplification with an oligo-dT primer. These reactions, however, are inevitably biased toward regions close to the 3Ј end of the ORF due to the processivity nature of RT. To circumvent this potential problem and preserve the signals from longer transcripts, we adapted a direct, nonenzymatic labeling approach (Heetebrij et al. 2003) . This method involved the use of a platinum-based compound to directly couple a fluorescent dye to RNA molecules. Initially, we examined the transcripts corresponding to the 5Ј end of STE11. The microarray results showed no difference between ⌬set2 and wild type (Log2 ratio = 0). Signals from the middle of the gene to the 3Ј end of ORF in ⌬set2, however, were clearly increased (Fig. 4A) . The start of each stepwise increase signal matched the internal start sites mapped by Northern blot for the STE11 transcript. The results for the STE11 message validate our microarray approach for detecting genes that have cryptic transcripts in ⌬set2 mutants.
We next sought to identify all genes exhibiting similar expression pattern changes upon deletion of SET2. First, we generated an expression matrix using the data points in the ORF regions through the average gene analysis method as described in the Materials and Methods. We then subjected this matrix to a K-mean cluster analysis. Two of the clusters that met the standard for target genes contained a total of 621 genes. An example of one such gene, AZR1, is shown in Figure 4B and confirmed by Northern blot (Fig. 4C) . Thus, we concluded that Set2 was required for suppression of internal transcription initiation at many sites genome-wide.
To further extend our transcription profiling analysis, we applied the labeled mRNA to another set of microarrays on which DNA oligos were chosen from exactly the same regions as described above, except that the sense strand was used. These microarrays were designed for identifying internal transcripts that initiated from antisense templates. Indeed, we found 494 genes that fell within this category. One example is demonstrated in Figure 2 . Infrequently transcribed genes are sensitive to disruption of the Set2-Rpd3S pathway. Average gene analysis was performed essentially as described in Figure 1 , except that genes were divided into five subgroups based on their transcription rates (Holstege et al. 1998 ). The averages of each subclass are plotted. Figure 4D . A comparison of the sense and antisense sets reveal that many genes appear to have cryptic transcripts initiating in both directions (Fig. 4E,F) . Northern blot analysis was used to confirm internal transcripts that originated from both sense and antisense strand templates. Unlike the STE11 gene at which cryptic transcripts were only initiated from the sense strand, short transcripts of PCA1 were detected by both 5Ј and 3Ј
probes in ⌬set2 and a spt6 mutant (Fig. 4F) . Since the defects of Set2-Rpd3S expose the cryptic internal promoter to the transcription machinery (data not shown), the direction of transcription was likely determined by the promoter architecture, which exposed transcription factor-binding sites. We demonstrated that the Set2-Rpd3S pathway governs ORF acetylation at a large portion of the genome Figure 4 . Genome-wide identification of genes that rely on the Set2-Rpd3S pathway to suppress cryptic internal initiation. Poly(A) + mRNA prepared from wild type and ⌬set2 was chemically labeled with fluorescent dyes and then subjected to competitive hybridization on tiling microarrays containing oligos representing either the antisense strand or the sense strand of coding regions. (A) Validation of using high-density tiling arrays to identify the cryptic transcripts caused by deletion of SET2. The STE11 locus, which showed the intragenic phenotype following deletion of SET2 in a previous study (Carrozza et al. 2005) , displayed the expected changes. The level of mRNA transcript was unchanged at the 5Ј end of the ORF, but drastically increased at the 3Ј ORF. (B) An example of a candidate gene from the microarray analysis. The log2 ratios of relative mRNA levels in ⌬set2 and wild-type strains are displayed in the genome browser format. The distribution pattern of H3K36 trimethylation based on Pokholok et al. (2005) (>25%) (Fig. 1) . Only a small fraction of genes that contain embedded cryptic promoters, however, might display the spurious transcription phenotype. When we used Venn diagram analysis to compare the list of genes showing either acetylation changes or appearance of cryptic transcripts upon deletion of SET2, we observed apparent overlap between the genes that depend on Set2-Rpd3S to suppress acetylation at ORFs and those that rely on the same pathway to prevent internal initiation (Fig. 5A) . In contrast, very little similarity was found when comparing the genes that were highly enriched with K36me3 to the genes that require Set2 to repress spurious transcripts (Fig. 5B) . Therefore, both functional readouts of K36 methylation (acetylation changes and cryptic initiation phenotype) suggested that the Set2-Rpd3S pathway played an important role at genes that normally were transcribed less often.
Discussion
Earlier studies showed that Set2-mediated K36 methylation targeted Rpd3S, which maintained a hypoacetylated state within the coding regions of certain genes.
This mechanism was essential to suppress the initiation of intragenic transcription (Carrozza et al. 2005; Joshi and Struhl 2005; Keogh et al. 2005) . Here, using a genome-wide localization approach, we demonstrate that the Set2-Rpd3S pathway is generally responsible for controlling acetylation levels at coding regions (Fig. 1) . Hyperacetylation caused by defects in this pathway triggers chromatin structure changes (data not shown) and exposes cryptic promoters to the transcriptional machinery, which results in the generation of spurious transcripts within a subset of genes (total 1032 genes) (Fig. 5) . In addition, we discovered that genes with a low transcription frequency and longer ORF are strongly dependent on the functional integrity of the Set2-Rpd3S pathway.
We demonstrate that the Set2-Rpd3S pathway controls global acetylation at coding regions. Further analysis of acetylation changes in ⌬set2 mutants or Rpd3S mutant yeast strains suggests that longer genes are more dependent on this pathway (Fig. 1) . When we examined transcription frequency, however, it was obvious that the less frequently transcribed genes are dependent on the Set2-Rpd3S pathway (Figs. 2, 3 ). This result is an apparent paradox, since previously published work demonstrates that K36me2 is associated with the ON/OFF state of transcription (Rao et al. 2005) , and the level of K36me3 is indicative of transcription frequency (Pokholok et al. 2005 ). Thus, it seems that K36 methylation should instead be more important at highly transcribed genes. In order to resolve these seemingly conflicting results, we compared the list of genes that show an increase in AcH4 following SET2 deletion to those that are dependent on Set2 to repress internal initiation. This Venn diagram analysis suggested that predictions made using acetylation changes as a readout (Fig. 5A ) are much more accurate than those generated from examining the overall enrichment level of K36 methylation (Fig.  5B) . Therefore, these data resolve the apparent paradox and demonstrate that less frequently transcribed genes are more dependent on the Set2-Rpd3S pathway. These results provide an example that the presence of a histone modification alone may not provide an accurate prediction of its direct in vivo function.
Why are infrequently transcribed genes so exquisitely sensitive to disruption of the Set2-Rpd3S pathway? The passage of Pol II is believed to alter the configuration of transcribed nucleosomes, presumably through histone eviction and/or redeposition (Workman 2006) . The principle function of the Set2-Rpd3 pathway is to restore the acetylation status behind transcribing Pol II (Workman 2006) . Genes that are not frequently transcribed have a low density of Pol II, and therefore histones that are deposited must be deacetylated by the Set2-Rpd3S pathway to prevent general transcription factor (GTF) binding and the initiation of aberrant cryptic transcription. For highly transcribed genes, the density of elongating Pol II at coding regions may sterically inhibit the binding of GTFs and the assembly of preinitiation transcription complexes at cryptic promoters in the absence of Set2.
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on June 1, 2007 www.genesdev.org Downloaded from transcription, with K36me2 indicating the ON/OFF state and K36me3 reflecting the transcription frequency (Pokholok et al. 2005; Rao et al. 2005) . However, this finding does not necessarily mean that methylation directly facilitates transcription. In fact, the higher level of methylation at more active genes could result from an increased rate of cotranscriptional methylation relative to the rate of demethylation or methyl K36 H3 loss. Therefore, increased transcription should increase the frequency of elongating Pol II passage down the ORF, resulting in a higher steady-state level of K36me3.
Despite its association with actively transcribed genes, K36me actually plays a repressive role in transcription (Strahl et al. 2002) . Its primary function is to direct the repression of unwanted intragenic transcription at actively transcribed genomic loci (Li et al. 2007a) , thereby facilitating productive full-length transcription. Mistargeting of Set2 to the promoter region has been shown to cause transcriptional inhibition (Strahl et al. 2002) . Interestingly, cells have evolved multiple mechanisms to potentially prevent Set2-mediated K36 methylation at the promoter proximal region. First, Set2 is specifically associated with elongating Pol II (Li et al. 2002 (Li et al. , 2003 Krogan et al. 2003; Xiao et al. 2003) , which is only present throughout coding regions. Second, when genes are inactive, the histone variant Htz1 is localized to promoter regions, which inhibits the histone methyltransferase activity of Set2 . Finally, at active promoters, Lys 36 is acetylated by Gcn5 (Morris et al. 2007 ), thereby preventing it from being methylated by Set2. This tight control of methylation by Set2 demonstrates the importance of this mechanism for productive, full-length transcription.
The yeast genome is generally considered to be euchromatic, since this organism has a relatively high rate of transcription. In contrast, only a small portion of higher eukaryotic genomes are actually engaged in active transcription, and the average length of genes in these organisms is much longer than in yeast. We discovered in yeast that longer, less frequently transcribed genes are more sensitive to disruption of the Set2-Rpd3S pathway. Thus, it is conceivable that this pathway would play a much more critical role in higher eukaryotes. The human Set2 homolog, HYPB, contains a region that could interact with both phosphorylated RNA Pol II and the Huntington disease protein, huntingtin (Sun et al. 2005) . Therefore, future studies into the role of the Set2-Rpd3S equivalent pathway in higher eukaryotes is of certain interest.
Materials and methods
Yeast strains
All Saccharomyces cerevisiae strains are derived from either S288C or w303a background and are listed in Table 1 . YBL632 (rco1⌬phd) was generated by genetic manipulation at endogenous loci using a modified delitto perfetto method (Storici and Resnick 2006; Li et al. 2007b ). All mutations were confirmed either by PCR or genomic sequencing.
ChIP-chip and transcription profiling
ChIP was performed essentially as described in two previous publications (Strahl-Bolsinger et al. 1997; Li and Reese 2001) with anti-acetylated H4 antibody (Upstate Biotechnology). DNA microarrays used for ChIP-chip were designed using previously published templates (Pokholok et al. 2005) and were manufactured by Agilent Technologies. Our probe amplification and labeling procedures were adopted from earlier publications (Iyer et al. 2001; Li et al. 2005) . Briefly, in Round A amplification, a degenerate primer with a universal oligo tag at the 5Ј end was used in a two-round primer extension reaction catalyzed by T7 sequenase version 2.0 (Upstate Biotechnology); onesixth of Round A products was then subjected to Round B amplification with ExTaq (Takara) using the universal primer. DNA was subsequently purified using Qiagen PCR purification kits and was chemically labeled using a platinum-based coordination compound as described previously (Heetebrij et al. 2003) .
RNA preparation was essentially as described by Carrozza et al. (2005) . Briefly, total RNA was isolated by the acid-phenol extraction method from yeast cells exponentially grown in rich medium (YPD). Poly(A) + mRNA was subsequently extracted from 3 mg of total RNA using oligo d(T) cellulose affinity chromatography. The eluted poly(A) RNA samples were directly labeled with Cy dyes using a platinum-based coordination compound (Heetebrij et al. 2003) . Labeled RNA from wild type and ⌬set2 were competitively hybridized to customized highresolution oligonucleotide arrays (Agilent Technologies). The probe designs are available on request. In our case, the antisense design was intended to detect RNA transcribed from the sense strand, while the sense design (by the Young Laboratory) was used to identify antisense RNA. The raw data were normalized so that the median ratio of intensities from two channels equals 1. All microarray-based experiments were carried out at least in duplicate. The final data sets were generated from the median values of all repetitions with Pearson correlation exceeding 0.85.
Microarray data analysis
Final data sets from both ChIP-chip and transcription profiling experiments were pipelined into the average gene analysis based on the framework originated by the Young laboratory (Pokholok et al. 2005) . Basically, the coding region of each gene in the yeast genome was divided into 40 equally sized bins. The upstream and downstream intergenic regions for the gene were each divided into 20 equally sized bins. The microarray expression value for each probe was assigned to the closest bin (whichever bin midpoint was closest to the probe midpoint). Empty bin values were calculated using linear interpolation from the last and next nonzero expression values or assigned to zero for transcriptional profiling. In this way, an expression matrix was generated with 80 columns (corresponding to the intergenic and ORF bins) and a row for each gene in the yeast genome. Each column was then averaged throughout the entire matrix or within certain subgroups to create the average expression values for each bin position. Microarray data are available at ArrayExpress (http://www.ebi.ac.uk/arrayexpress) under accession numbers E-TABM-260 and E-TABM-265.
